The influence of absorber grain boundaries on the photocurrent transport in chalcopyrite based thin film solar cells has been calculated using a two dimensional numerical model. Considering extreme cases, the variation in red response is more expressed than in one dimensional models. These findings may offer an explanation for the strong influence of buffer layer preparation on the spectral response of cells with small grained absorbers.
Introduction
The red response of a planar heterojunction solar cell is determined mainly by absorber properties, i.e., its absorption coefficient, doping, minority carrier diffusion length, and band gap grading. At longer wavelengths photons are absorbed at a greater distance from the hetero junction and the quantum efficiency may be reduced due to insufficient transport of minority carriers over the enlarged distance. The quantum efficiency can be calculated in analytical approximation [1, 2] or by numerical device modeling. Figure 1 shows a set of quantum efficiencies which have been calculated with SCAPS [3] for a typical chalcopyritebased solar cell consisting of a Cu(In,Ga)Se 2 (CIGSe) absorber, CdS buffer and ZnO window layer. Absorber doping and carrier lifetime have been varied covering the full parameter range that we expect for these cells. Absorption data (which strongly influence the result) have been taken from [4] . In contrast to this, Figure 2 shows experimental results for a set of cells where only the buffer layers were prepared differently (ILGAR with InCl 3 or In(acac) precursor [5] , chemical bath deposition of CdS, PVD of In 2 S 3 [6] ) but all the other layers were each produced in the same process. These curves are not easily understood in terms of the 1D models described above. The buffer layer by itself should have only a minor influence on carrier collection. The variation in red response in the experimental data would imply an even larger variation of absorber properties as used for the calculation in Figure 1 . This suggests that buffer layer preparation somehow drastically changes the absorber properties. However, buffer preparaa e-mail: klenk@helmholtz-berlin.de tion is carried out at much lower temperature (between room temperature and 225
• C) than the absorber preparation which should limit such post deposition changes in absorber properties.
A possible explanation of this discrepancy involves the role of grain boundaries within the absorber for carrier collection. Diffusion of impurities along grain boundaries is much faster than within the grains and therefore could be significant even at the lower temperature used for buffer layer preparation [7] . The influence of grain boundaries must be stronger in films with smaller grains. We note that the absorbers that yielded the experiential data shown in • C) as part of the optimization of processes for cells on polyimide foil [8] and they therefore have smaller grains. In this contribution we present 2D/3D numerical modeling of grain boundary assisted photocurrent collection and discuss the results in view of grain boundaries in chalcopyrite absorbers.
Calculation
For the electronic model the grain boundary is regarded as interface (ideal plane with zero thickness) between grains. Conduction and valence band edges are continuous across the interface. Defects at the interface within the band gap cause a certain recombination velocity. In addition, defects may carry a localized charge giving rise to a symmetrical band bending towards the grain boundary. This essentially follows Seto's model [9] for grain boundaries in polycrystalline silicon. Depending on the charge distribution within the grain boundary the band edges bend "upward" (accumulation) or "downward" (depletion) from their equilibrium position within the grain towards the grain boundary. In the first case the photogenerated electrons (minority carriers in the p-type absorber) are driven away from the grain boundary in analogy to back surface fields used for contact passivation. In the latter case electrons are driven towards the grain boundary, potentially increasing photo current losses. However, if the depletion is further increased the charged grain boundary will eventually create a region with conductivity type inversion. The electrons are then majority carriers within the inversion zone and their recombination probability becomes very small. Furthermore, if the inversion zone connects to the n-type part of the heterojunction (the buffer), photo electrons can be collected by transport to and within the grain boundary. The WIASTeSCA code [10] [11] [12] , which solves the semiconductor driftdiffusion equations in 2D or 3D, was used to calculate the effect of grain boundary inversion on current collection. A structural unit (grain) with cylindrical symmetry was chosen so that the calculation is performed in 2D parameter space but provides results for an idealized 3D structure. The grain has a grain boundary around its circumference extending from the heterojunction to close to the back contact. The small gap next to the ohmic back contact was introduced to prevent shunting of the device along a path from the junction via the grain boundary to the back contact. The defects at the grain boundary can have two main consequences: deep defects act as recombination centers and charged defects cause a band bending towards the grain boundary. Our model of the defect distribution reflects these considerations by a mid-gap defect which is an effective recombination center and a donor type defect with a concentration that is sufficiently high to pin the Fermi level. Only the energy position of the latter was varied to create different band bending towards the grain boundary. All other grain boundary defect parameters were kept constant. The material properties within the grain are the same as in the SCAPS calculations shown above. The absorber thickness was set to 3 µm to reduce the influence of back contact recombination. Full parameter sets are available on request from the authors. Figure 3 shows an example of a calculated potential distribution where the space charge region not only extends from the heterojunction into the absorber grain but also from its grain boundary. The direction of the electron current under illumination is given by the arrows and clearly shows the transport of electrons to the inverted grain boundary. The inversion is caused by the shallow donor type defect at the grain boundary. In Figure 4 the energy position of the donor type defect at the grain boundary has been varied. The band bending generally follows the energy of the donor. The calculated quantum efficiency at a wavelength of 1000 nm demonstrates the effect of grain boundaries on the red response of the solar cell. The red response is significantly enhanced for the fully inverted grain boundary (defect close to the conduction band, filled symbols), compared to the 1D case without a grain boundary (dashed lines). The quantum efficiency drops rapidly as the band bending is reduced, inversion is lost, and the hole density at the grain boundary increases. The transition occurs roughly where the band bending is equal to half of the band gap, i.e., when the defect is at mid-gap position (dotted vertical line in Fig. 4) . However, close to the junction the band bending is also influenced by the buffer and window layer (Fig. 3) , and a transition case exists where the grain boundary is inverted in the upper part of the grain but not in the lower part of the grain.
Results
A minimum (open symbols) is eventually reached when there still is significant band bending (depletion case of previous paragraph). As the defect level is moved deeper within the band gap, the resulting band bending does no longer follow the energy position of the defect in a 1:1 relation. This is due to incomplete pinning of the Fermi level by a single defect type. Consequently, the accumulation case is not reached in these calculations. Qualitatively, the results are very similar for two different levels of absorber doping, however, the effects are more significant for the higher doping level. The influence of grain boundaries on red response for varied absorber properties can be seen in Figure 5 . Looking at, e.g., the emphasized black curves, the red response can be significantly higher (filled symbols) as well as lower (open symbols) as compared to the 1D case without grain boundaries (dashed lines). Furthermore, both gain and loss depend on the absorber bulk properties (doping and carrier lifetime). As expected, both maximum gain (inverted grain boundaries) as well as loss in quantum efficiency are reduced with increasing grain size. However, even at a grain radius of 2 µm there still is a significant influence of the grain boundaries, at least for the extreme cases regarded here. Figure 6 shows quantum efficiencies over the full wavelength range (in analogy to Figs. 1 and 2) for the three grain boundary configurations (fully inverted grain boundaries, without grain boundary, maximum recombination). Results calculated with the WIAS-TeSCA code for the 1D case without grain boundaries are identical to those calculated with SCAPS. The discrepancy at lower wavelengths is only due to neglecting the optical absorption in the window and buffer layer in the WIAS-TeSCA model.
Discussion
The calculations confirm that the defect distribution (modeled here by just one mid-gap recombination center and one donor with varied energy) at grain boundaries is an additional and quite important parameter in the design of efficient thin film solar cells even when compared to other parameters such as grain size, absorber doping, and minority carrier lifetime. Measurements of device quality chalcopyrite films [13] have found depletion zones at grain boundaries and it was suggested that these may lead to improved carrier collection [14] . Current transport along grain boundaries has also been measured by conductive scanning probe microscopy [15, 16] . With respect to the current collection, our calculations show that there can be a negative as well as a positive influence depending on the band bending towards the grain boundary. The reported band bending would be too small to achieve the beneficial effect on current collection predicted by our model, however, it has been argued that the measurements underestimate the band bending at grain boundaries due to surface band bending [13] and the averaging effect of the scanning probe [17] .
Taretto et al. [18] limited their numerical calculations to the case of depleted grain boundaries and have thus shown only the negative influence of grain boundary recombination. Our finding of both, negative and positive influence, is in principle agreement with calculations described in reference [19] . However, the authors only reported the effect on the total photo current density under white light illumination and did not show the quantum efficiency at different wavelengths. An increase in white light induced photo current for inverted grain boundaries was also found in reference [20] . A different electronic model of the grain boundary has been proposed where Cu depletion leads to a discontinuity of the valence band (hole barrier) [21, 22] . The previous calculations in references [18, 19] also show some results for this alternative model. It is clear that such a hole barrier would decrease the recombination of electrons at the grain boundaries even under the conditions which lead to poor carrier collection in our calculations. In summary, the influence of material properties on the spectral response would be closer to the 1D model (without grain boundaries) [20] .
In terms of overall device performance, the optimum band bending towards the grain boundaries depends on other parameters such as carrier lifetime and doping. If the minority carrier diffusion length within the grains is sufficient for carrier collection, an accumulation layer towards the grain boundary is preferable to the inverted grain boundary. This is due to the decreased open circuit voltage of devices with inverted grain boundaries. The significance of this loss depends on the dominating recombination mechanism giving rise to the bucking current. Also, depending on how strongly the Fermi-level is pinned at the grain boundary, the inversion may vanish at higher forward bias, resulting in strongly voltage-dependent carrier collection (poor fill factor). In material with grains smaller than considered here the grain interior may become depleted and the band bending may be insufficient to establish inverted grain boundaries. For low quality material, the trade-off between improved current collection and reduced open circuit voltage may be optimized in the numerical model but difficult to achieve in the experiment. It was concluded in reference [20] that in most cases the performance of a CIGSe based cell cannot be improved by grain boundaries. The geometry of a device with grain boundary assisted carrier collection is in some respects similar to that of the ETA (Extremely Thin Absorber) solar cell. Analytical modeling [23] of this cell demonstrates both the potential as well as the complexity of adapting the geometry to achieve reasonable efficiencies with limited material quality.
If we consider again the large variation in red response in cells with different buffer layers (Fig. 1) , it is indeed conceivable from the calculations that absorber grain boundaries could play a significant role. Together with the fast diffusion of impurities along grain boundaries, this suggests that process steps carried out after absorber preparation and at significantly lower temperature, such as the deposition of buffer and window layers, can still influence absorber and hence device properties. Here, a particularly good red response has been observed when the buffer layer was deposited with ILGAR using a chlorine containing precursor solution. It has been suggested that Cl may cause donor type defects (Cl Se ) in the bulk of CuInSe 2 [24, 25] . We speculate that during buffer deposition Cl is diffusing along the grain boundaries, leads to inverted grain boundaries and superior carrier collection. The expected corresponding loss in open circuit voltage is also systematically observed in the experiment when using buffers prepared from the InCl 3 solution. Nevertheless, it should be understood that the experimental observation has mainly been the motivation to revisit the problem of grain boundary assisted current collection. Additional work would be required to establish the claim that ILGAR deposition of a buffer layer with the Cl containing precursor leads to inverted grain boundaries in the absorber. The additional work could include measurements of electron beam induced current to map the electron collection, assessment of the Cl concentration at the grain boundary, and direct measurement of the band bending by Kelvin probe microscopy.
Conclusions
Numerical calculations show that grain boundaries in the absorber can have a large influence on photocurrent collection. Hence, the defect distribution (recombination centers, charged defects) at grain boundaries is an additional and quite important parameter in the design of efficient thin film solar cells, even when compared to other parameters such as grain size, absorber doping, and minority carrier lifetime. Shallow donor type defects at the grain boundary can cause an inversion zone in which electrons are transported leading to very high quantum efficiency even in films with high doping and short carrier lifetimes. When the defect is located deeper in the band gap, the inversion and carrier transport are lost causing excessive recombination losses. These findings are a tentative explanation for the expressed differences in quantum efficiency which were found for cells with differently prepared buffer layers.
